The application of nanofibrillated cellulose (NC) films in packaging industry has been hindered by its lack of heat-sealing ability. Incorporation of NC films with the biaxially oriented polypropylene/low density polyethylene (BOPP/LDPE) laminates can take advantage of each material and endow the films with novel functions for food packaging applications. In this study, a coating that consists of NC and nisin was applied onto a cold plasma treated BOPP/LDPE film to fabricate a novel active packaging with an improved oxygen barrier performance and an added antimicrobial effect. The results showed that cold plasma treatment improved the surface hydrophilicity of BOPP/LDPE films for better attachment of the coatings. NC coatings significantly enhanced oxygen barrier property of the BOPP/LDPE film, with an oxygen transmission rate as low as 24.02 cc/m 2 ·day as compared to that of the non-coated one (67.03 cc/m 2 ·day). The addition of nisin in the coating at a concentration of 5 mg/g caused no significant change in barrier properties but imparted the film excellent antimicrobial properties, with a growth inhibition of L. monocytogenes by 94%. All films exhibit satisfying mechanical properties and transparency, and this new film has the potential to be used as antimicrobial and oxygen barrier packaging.
Introduction
Nano-fibrillated cellulose (NC) is a novel nanomaterial prepared from natural cellulose fiber. NC has a high aspect ratio (4-20 nm wide, 500-2000 nm in length) and also excellent film forming ability because of physical entanglement and hydrogen bonding between adjacent NC [1] . NC was reported to have prospective applications for bio-based materials to be used in food packaging, for instance, as reinforcement filler and plasticizer in edible films [2] , as self-standing thin films for modified atmosphere packaging [3] , or as a coating over paper packaging [4, 5] . In particular, NC film has a good oxygen barrier property [6] which is important in food packaging considering prevention of lipid oxidation [7] . As a matter of fact, oxygen transmission rates (OTR) values of NC films in dry conditions are competitive with synthetic polymers of approximately same thickness [8] . However, several features of NC films such as high hygroscopicity and lack of heat-sealing ability limit it practical use in food packaging especially compared with conventional plastic films.
Materials and Methods

Materials
Commercial BOPP/LDPE laminates were supplied by Guangxi Institute of Quality Research, cut to size 120 mm × 160 mm and used as substrates for coating throughout this study. NC suspension at 2.0% by weight of solid contents was produced from cellulose pulp (bleached sulfite softwood pulp) at Guangxi Key Laboratory of Clean Pulp and Papermaking and Pollution Control. Nisin (≥1000 IU/mg) was obtained from Aladdin, Shanghai, China. Other chemical reagents used in this research were all of chemical grade without any purification. All aqueous solutions were prepared using purified water. L. monocytogenes (strains ATCC19115) was obtained from China Center of Industrial Culture Collection (Beijing, China).
Plasma Treatment
Cold plasma treatment of BOPP/LDPE films was carried out on a dielectric-barrier discharge (DBD) plasma system (XRK4, Nanjing Suman Electronics Co., Ltd., Nanjing, China) prior to the application of the coatings. A schematic representation of the experimental setup is presented in Figure 1a . The film sample was placed between the two plane-parallel metal electrodes with a separation distance of 5 cm. The surface of the LDPE side of the BOPP/LDPE laminates were plasma treated and the size of the treatment area was 80 mm × 120 mm, leaving approximately 4 cm untreated margin from the edge of the film. Plasma treatment was performed at sub-atmospheric pressure (1600 Pa) using an O 2 /Air mixture at a gas flow rate of 200 mL/min for O 2 and 500 mL/min for air. The applied power was held at 84 W and the treatment time was 120 s. Following treatment, plasma treated samples were placed in ziplock plastic bags to protect films from antistatic environments and dust particles. 
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Preparation of NC/Nisin Coating Solution
A stock solution of nisin (1.5% w/w) was freshly prepared by dispersing 1.5 g of the nisin powder in 100 mL of hydrochloric acid (0.01 M) under magnetic stirring overnight. Then aliquots of the nisin solution were mixed with NC suspension under magnetic stirring for 3 h followed by homogenization with mechanical homogenizer (Unidrive-Model X1000D, CAT Scientific, Inc, Paso Robles, CA, USA) at 15,000 rpm for 10 min and kept overnight at 4 °C. 
A stock solution of nisin (1.5% w/w) was freshly prepared by dispersing 1.5 g of the nisin powder in 100 mL of hydrochloric acid (0.01 M) under magnetic stirring overnight. Then aliquots of the nisin solution were mixed with NC suspension under magnetic stirring for 3 h followed by homogenization with mechanical homogenizer (Unidrive-Model X1000D, CAT Scientific, Inc, Paso Robles, CA, USA) at 15,000 rpm for 10 min and kept overnight at 4 • C.
Various coating solutions of different NC/nisin ratio, named as NC/S1, NC/S3, and NC/S5, were prepared and the nisin content in each formulation was calculated to be 1 mg/g, 3 mg/g, and 5 mg/g, respectively, based on the amount of pure nisin per dry weight of coatings. NC in each coating formula was constant at 1.0% by weight of solid contents.
Surface Coating of BOPP/LDPE Film
The process for preparation of BOPP/LDPE active packaging is schematic represent in Figure 2a . In brief, wire-bar-coating process was used to deposit coating solution (neat NC or NC/nisin mixture) on plasma-treated BOPP/LDPE films of LDPE surface side, and subsequently the wet coating was dried overnight at room temperature under ambient conditions. On each BOPP/LDPE sample (120 mm × 160 mm), NC/nisin coatings were attached only on plasma-treated areas (80 mm × 120 mm) and the edges of each BOPP/LDPE films were clear of any coatings. In the coating process, a wire-bar applicator (K303, RK Print-Coat Instruments Ltd., Royston, UK) was used for preparing uniform films of coating on BOPP/LDPE substrates at a velocity of 3 m/min and the coating weight was controlled to approximately 3 g/m 2 using rod #6. Various coating solutions of different NC/nisin ratio, named as NC/S1, NC/S3, and NC/S5, were prepared and the nisin content in each formulation was calculated to be 1 mg/g, 3 mg/g, and 5 mg/g, respectively, based on the amount of pure nisin per dry weight of coatings. NC in each coating formula was constant at 1.0% by weight of solid contents.
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Surface Wettability of the Films
The surface wettability of the samples was evaluated by static water contact angle (SWCA) measurement. All samples were conditioned and tested at 23 °C and 50% relative humidity (RH) prior to testing. The static contact angles of water droplets (3 μL) on the films were measured using drop shape analyzer (modelDSA100, KRÜ SS Optronic GmbH, Hamburg, Germany) over a period of 10 s [35] . Ten measurements were recorded for each sample.
Microscope Observations of the Films
Atomic force microscopy (AFM) was used to monitor topographical changes to the LDPE surface during plasma treatment. Innovative scanning probe microscopy (SPM) with an AFM 5000IIcontroller (Hitachi High-Tech, Tokyo, Japan) in a tapping mode was used with a silicon probe (SI-DF40P2, f = 28 kHz, Hitachi High-Tech, Japan). The average roughness (Ra) and root-mean-squared roughness (Rq) were measured from the analysis of the images at a 2 μm × 2 μm scan size.
The surface and cross section of the films were characterized by scanning electron microscopy (SEM) on PhenomPro (Phenom-World, Eindhoven, The Netherlands) at 10 kV. The specimens were cryofractured by immersion freeze in liquid nitrogen prior to placing in the gold sputter-coater. 
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Optical Properties of the Films
The regular light transmittances of the films were measured at wavelengths from 200 to 1100 nm using an ultraviolet (UV)-visible spectrometer (SPECORD ® 50 PLUS, Analytic Jena AG, Jena, Germany) by triplicate.
Mechanical Properties of the Films
Tensile strength, tensile modulus, and elongation at break of the films were measured by using a universal testing machine (model 3367, Instron, Norwood, MA, USA) with a cross head speed of 100 mm/min, according to ASTM D882 [36] . The film was cut to size 150.0 mm × 15.0 mm and triple repeats were performed for each sample. The average film thickness was measured using a Digital Micrometer (model 49-56, Testing Machines, Inc., New Castle, DE, USA) at ten random positions on the film.
Gas Barrier Properties of the Films
All the samples together with the uncoated substrate materials used were characterized for their oxygen transmission rate (OTR) expressed as cc/m 2 ·day and water vapor transmission rate (WVTR) expressed as g/m 2 ·day. The OTR measurements were carried out using Mocon OXTRAN Model 2/21 equipment (MOCON Inc., Minneapolis, MN, USA) under a condition of room temperature (23 • C) and at 50% relative humidity. The WVTR measurements were carried out using Mocon PERMATRAN-W 3/61 (MOCON Inc., Minneapolis, MN, USA) at 23 • C and 75% relative humidity. The coating side of the sample faced the carrier gas stream and three parallel samples were measured in both OTR and WVTR test.
Antimicrobial Activity of the Films Against L. monocytogenes
The L. monocytogenes cultures were propagated through two consecutive 24 h growth periods in brain heart infusion (BHI) broth at 37 • C to obtain the working cultures containing approximately 108 CFU/mL. The quantitative inhibitory effect of the films was carried out by putting 0.10 g test sample scraps in 5 mL of L. monocytogenes cell suspension of 10 6 CFU/mL and shaken at 200 rpm in an incubator at 37 • C. After 60 min of contact time, the cultures were enumerated by plating onto BHI agar and incubating for 24 h at 37 • C. Thecolony forming units (CFU) of L. monocytogenes were determined and used to assess the antimicrobial activity of the films. The inhibition of the L. monocytogenes growth was calculated based on the following equation:
where A and B are the number of the colonies counted from the control and the corresponding film sample, respectively. Those experiments were made in triplicates and all the values were expressed as a mean value.
Statistical Analysis
The Duncan's multiple-range test was used to determine any significant difference between specific means at 95% confidence interval. The analysis was carried out using the SPSS for Windows (Version 22.0, SPSS Statistical software, Inc., Chicago, IL, USA) software package.
Results and Discussions
Hydrophilic Analysis of the Films
The hydrophilic behavior of the untreated and plasma treated BOPP/LDPE films were estimated by measuring static water contact angle of the LDPE side, which also provided information about the affinity between coating agents and LDPE. Figure 1b ,c describes the change in surface topography and water wettability of BOPP/LDPE film before and after plasma treatment.
The SWCA of untreated BOPP/LDPE film was found to be 92.4
• which means the surface of LDPE is hydrophobic. However, the value of SWCA decreased to 60.5 • when the film was treated by O 2 /air plasmas. The decrease in SWCA after plasma treatment clearly indicates that the surface of the LDPE is transformed from hydrophobic to hydrophilic as compared with the untreated film. Several studies attribute the change in hydrophilicity to the generation of polar function groups on the surface of LDPE by oxygen plasma [16, 37, 38] . The change of surface chemistry before and after plasma treatment could also be revealed by AFM phase images as shown Figure 1b ,c. Different degrees of phase lagging indicate a sample surface with different degrees of softness or vertical adhesion [39] . The change in the phase contrast is directly corresponding to wettability of the film surface. Since the surface of film is hydrophilic after plasma treatments, and the NC or NC/nisin in the coating agents are mainly hydrophilic, it is easy to observe a visible improved affinity between the wet coating and the plasma treated BOPP/LDPE films. It is worth noting that a good adhesion of the coating layer on the BOPP/LDPE film occurs only after the plasma treatment.
In addition to polar functional groups, plasma may also assist changes in surface morphology [37] . The untreated BOPP/LDPE film showed a low R a of 7.32 nm indicating a relatively smooth surface and there was only a slight increase in surface roughness (R a = 8.77) when the surface was treated by plasma. This suggests that little or no etching of the surface occurs under the condition used.
Accordingly, when a coating of neat NC was applied on the plasma treated film, a lower water contact angle of 43.6 • was observed compared to the plasma treated film since an abundant of hydrophilic groups present on each individual NC surface. When both nisin and NC were incorporated in coating solutions and coated onto the plasma treated BOPP/LDPE film, the SWCA of BOPP/LDPE film after coating gradually goes down. The lowest contact angle value was observed for the film with coating NC/S5. The increase in nisin content is theoretically good for controlling the growth of micro-organisms but it probably accompanies a loss in water vapor barrier performance of the film to the contrary. This is because the low water contact angle value indicates that the coating layer has a good affinity with water, which is related to an insufficient water vapor barrier [40] .
Mechanical Properties
Films intended for packaging need adequate mechanical performance. Tensile strength is related to the mechanical strength of films, whereas the tensile modulus and elongation at break is related to the rigidity and flexibility of the films, respectively [34] . Table 1 compares the mechanical properties of BOPP/LDPE films under different surface process. The value of tensile strength and tensile modulus obtained for plasma treated film is slightly lower than the untreated film, which is reasonable since plasma etching effect performs only a few nanometers depths without changing bulk properties of the film. It is also interesting to note that both the tensile strength and modulus of the films after coating display a slight decrease with nisin concentration, which is reasonable considering that higher concentrations of nisin give rise to higher heterogeneity of the coating layer, thus having a lower resistance toward deformation. However, the change in tensile strength, tensile modulus and elongation at break was believed non-significant (p > 0.05) because the calculated significance level of the test was 0.705, 0.481 and 0.360, respectively. Interestingly, even though a strong adhesion between BOPP/LDPE substrate and the NC or NC/nisin coating layer was observed during tensile test, the NC or NC/nisin coating did not improve mechanical properties of the film as expected. In fact, owing to the strong interaction between nanofibrils during drying, NFC was reported to form very strong films with excellent dry and wet strength [41] . However, the thickness of the coating layer in this test was less than 3 µm, and thus, there was not sufficient NC to form a strong nanofibrillar network structure and improve mechanical performance of the films [42] . In this state, the coatings do not influence the mechanical properties of BOPP/LDPE films to any extent that hinders its physical integrity in packaging applications. Figure 3 compares the light transmittance spectra of BOPP/LDPE films under different surface process. The untreated film is practically transparent with a transmittance of 86.33% at 600 nm (center of visible light spectrum). A similar transmittance of 85.20% was observed for the plasma treated film, revealing that the plasma treatment did not visibly change the transparency of BOPP/LDPE film. In addition, there was no obvious difference in the thickness of film before and after plasma treatment. However, the film was less transparent after NC coating and the transmittance at 600 nm was reduced to 71.86%, which may be explained by the size effect and aggregates of NC fibrils [43, 44] . As the nisin concentration in the coating increased from 1 mg/g to 5 mg/g, the light transmittance of BOPP/LDPE film decreased from 70.74% to 66.04%. The decreased transmittance could be due to the deposition of salt crystals (present in nisin) as well as nisin granules on the surface of the films [34] . It is noteworthy that all BOPP/LDPE films exhibit satisfying transparency (>66.04%) ideal for products display. The value of tensile strength and tensile modulus obtained for plasma treated film is slightly lower than the untreated film, which is reasonable since plasma etching effect performs only a few nanometers depths without changing bulk properties of the film. It is also interesting to note that both the tensile strength and modulus of the films after coating display a slight decrease with nisin concentration, which is reasonable considering that higher concentrations of nisin give rise to higher heterogeneity of the coating layer, thus having a lower resistance toward deformation. However, the change in tensile strength, tensile modulus and elongation at break was believed non-significant (p > 0.05) because the calculated significance level of the test was 0.705, 0.481 and 0.360, respectively. Interestingly, even though a strong adhesion between BOPP/LDPE substrate and the NC or NC/nisin coating layer was observed during tensile test, the NC or NC/nisin coating did not improve mechanical properties of the film as expected. In fact, owing to the strong interaction between nanofibrils during drying, NFC was reported to form very strong films with excellent dry and wet strength [41] . However, the thickness of the coating layer in this test was less than 3 μm, and thus, there was not sufficient NC to form a strong nanofibrillar network structure and improve mechanical performance of the films [42] . In this state, the coatings do not influence the mechanical properties of BOPP/LDPE films to any extent that hinders its physical integrity in packaging applications. Figure 3 compares the light transmittance spectra of BOPP/LDPE films under different surface process. The untreated film is practically transparent with a transmittance of 86.33% at 600 nm (center of visible light spectrum). A similar transmittance of 85.20% was observed for the plasma treated film, revealing that the plasma treatment did not visibly change the transparency of BOPP/LDPE film. In addition, there was no obvious difference in the thickness of film before and after plasma treatment. However, the film was less transparent after NC coating and the transmittance at 600 nm was reduced to 71.86%, which may be explained by the size effect and aggregates of NC fibrils [43, 44] . As the nisin concentration in the coating increased from 1 mg/g to 5 mg/g, the light transmittance of BOPP/LDPE film decreased from 70.74% to 66.04%. The decreased transmittance could be due to the deposition of salt crystals (present in nisin) as well as nisin granules on the surface of the films [34] . It is noteworthy that all BOPP/LDPE films exhibit satisfying transparency (>66.04%) ideal for products display. 
Optical Properties
Barrier Properties
Water vapor and oxygen resistivity are fundamental requirement for packaging materials since both of them may trigger several food changes such as nutrient deterioration and microbial growth, which finally influence the shelf life of the packaged products [45] . Accordingly, all films were subjected to water vapor barrier and oxygen barrier testing. Results are summarized in Figure 4 . Obviously, the OTR of coated BOPP/LDPE films is decreased compared with uncoated BOPP/LDPE, but the WVTR of coated BOPP/LDPE films do not show any significant deviations from those of uncoated BOPP/LDPE. 
Water vapor and oxygen resistivity are fundamental requirement for packaging materials since both of them may trigger several food changes such as nutrient deterioration and microbial growth, which finally influence the shelf life of the packaged products [45] . Accordingly, all films were subjected to water vapor barrier and oxygen barrier testing. Results are summarized in Figure 4 . Obviously, the OTR of coated BOPP/LDPE films is decreased compared with uncoated BOPP/LDPE, but the WVTR of coated BOPP/LDPE films do not show any significant deviations from those of uncoated BOPP/LDPE. A high oxygen barrier is an essential property for food packaging. A packaging material is considered to be a good oxygen barrier if the OTR is approximately 1-10 cc/m 2 ·day [46] . OTR values of packaging films prepared from commercial polyethylene terephthalate (PET) and polyethylene terephthalate/polyethylene (PET/PE) have been reported around 110 cc/m 2 ·day and 1.24 cc/m 2 ·day, respectively [47] . In this study, the average OTR for BOPP/LDPE films without any treatment was 67.03 cc/m 2 ·day which was similar to the film with plasma treatment (65.03 cc/m 2 ·day). Compared with uncoated BOPP/LDPE, NC coatings decrease the OTR significantly. Typically, BOPP/LDPE films with a NC coating display lowest OTR (24.02 cc/m 2 ·day). NC films are known to be good oxygen barriers and this can be explained by the "tortuous path" mechanism [48] . The high entanglements of NC fibrils plus the abundance of hydrogen bonding form a dense structures within the NC films, and this lead to a tortuous diffusion path for the penetration of oxygen molecules [8] . Accordingly, NC coatings dramatically decrease the OTR of BOPP/LDPE backing compared with uncoated BOPP/LDPE films. Similar OTR values of 17.8 cc/m 2 ·day have been reported with pure NC films and this is believed to satisfy the OTR requirement for most practical packaging applications [49] .
However, when nisin is used as the cocomponent in the coating, the average OTR gradually increased at increasing amounts of nisin in the films. Increased permeability to oxygen may be attributed to the discontinuation of the coating layer at higher nisin concentrations. When nisin is used as the cocomponent, homogeneity of the NC film is impaired by the high concentration of nisin and thus yields heterogeneous films. The homogeneity and topography of produced films were more closely observed by SEM. Representative images are shown in Figure 5 . The untreated BOPP/LDPE A high oxygen barrier is an essential property for food packaging. A packaging material is considered to be a good oxygen barrier if the OTR is approximately 1-10 cc/m 2 ·day [46] . OTR values of packaging films prepared from commercial polyethylene terephthalate (PET) and polyethylene terephthalate/polyethylene (PET/PE) have been reported around 110 cc/m 2 ·day and 1.24 cc/m 2 ·day, respectively [47] . In this study, the average OTR for BOPP/LDPE films without any treatment was 67.03 cc/m 2 ·day which was similar to the film with plasma treatment (65.03 cc/m 2 ·day). Compared with uncoated BOPP/LDPE, NC coatings decrease the OTR significantly. Typically, BOPP/LDPE films with a NC coating display lowest OTR (24.02 cc/m 2 ·day). NC films are known to be good oxygen barriers and this can be explained by the "tortuous path" mechanism [48] . The high entanglements of NC fibrils plus the abundance of hydrogen bonding form a dense structures within the NC films, and this lead to a tortuous diffusion path for the penetration of oxygen molecules [8] . Accordingly, NC coatings dramatically decrease the OTR of BOPP/LDPE backing compared with uncoated BOPP/LDPE films. Similar OTR values of 17.8 cc/m 2 ·day have been reported with pure NC films and this is believed to satisfy the OTR requirement for most practical packaging applications [49] .
However, when nisin is used as the cocomponent in the coating, the average OTR gradually increased at increasing amounts of nisin in the films. Increased permeability to oxygen may be attributed to the discontinuation of the coating layer at higher nisin concentrations. When nisin is used as the cocomponent, homogeneity of the NC film is impaired by the high concentration of nisin and thus yields heterogeneous films. The homogeneity and topography of produced films were more closely observed by SEM. Representative images are shown in Figure 5 . The untreated BOPP/LDPE film displays a bilayer structure, a thin BOPP layer attached on a thick LDPE layer with a homogeneous and smooth surface. In fact, the BOPP layer was easily peeled from the LDPE layer due to the cryofracture force and only LDPE layers were visible in most SEM images. After plasma treatment, no visible changes were observed on LDPE surface. But after coating, an additional layer of 3-4 µm thick was observable on the surface of LDPE. Furthermore, by the addition of nisin to NC, the coating layer tends to lose its evenness and strength because more visible cracks appeared on the coating layer. When the concentration of nisin increased, traces of insoluble nisin were observed on the coating surface, particularly on the film with NC/S5 coating. Concerning SEM analysis and OTR values as mentioned above, it seems that at the higher amount of nisin in the coating, insoluble nisin would be harm to the uniformity of the NC matrix structure, facilitating oxygen permeation through the composite film, and subsequently hazarding the barrier properties of the films.
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Antimicrobial Activity
In this study, nisin is used as antimicrobials in packaging to enhance food safety by reducing the growth rate and maximum population of microorganisms (spoilage and pathogenic) [50] . In Figure 6 , the effect of coating treatment on antimicrobial activity properties of BOPP/LDPE films is shown. 
In this study, nisin is used as antimicrobials in packaging to enhance food safety by reducing the growth rate and maximum population of microorganisms (spoilage and pathogenic) [50] . In Figure 6 , the effect of coating treatment on antimicrobial activity properties of BOPP/LDPE films is shown. The observed results indicate that untreated BOPP/LDPE films or NC coated BOPP/LDPE films barely show any inhibition against L. monocytogenes. In contrast, the addition of nisin cocomponents improves the antimicrobial properties of films as anticipated. Moreover, the higher the relative amount of nisin, the higher growth inhibition rate. It is well established that nisin can effectively control L. monocytogenes in foods by initiating pore formation in the cell membrane and hindering cell wall synthesis [51] . As a result, increasing the nisin concentration to 5 mg/g resulted in a significant reduction (p < 0.05) in L. monocytogenes counts in comparison to the control.
In fact, combining NC with nisin in the coating on BOPP/LDPE film may provide several advantages in food packaging applications. First, imbedding of nisin in the NC matrix possibly result in a sustained release of nisin due to the reduction of free nisin available for diffusion, thus allowing for a long-term antimicrobial activity and extended shelf-life [52, 53] . Secondly, the NC layer could work as a biocompatible barrier against some possible migrations of hazard chemical compounds from BOPP/LDPE film to the food matrix during storage [54] . In addition, each coated BOPP/LDPE film still reserve its heat-sealing merit because the NC/nisin coatings attached only on the plasma treated areas, leaving untreated margin from the edge of the film available for heat-sealing to form a pouch. Overall, the incorporation of nisin in NC coatings onto the BOPP/LDPE films show promise in the control of L. monocytogenes and could potentially serve as a novel antimicrobial technique for application onto conventional plastic food packaging materials.
Conclusions
A new type of active packaging with antimicrobial and enhanced oxygen barrier properties was prepared by surface coating of NC/nisin mixture onto BOPP/LDPE film. Cold plasma treatment improved the surface hydrophilicity of BOPP/LDPE films and enhanced their affinity for the coating. Compared with uncoated BOPP/LDPE, NC coatings decrease the OTR value significantly, as low as 24.02 cc/m 2 ·day. After the addition of nisin to NC, the coating layer tends to lose its uniformity and subsequently hazarding the oxygen barrier performance of the coated films concerning SEM analysis and OTR values. In contrast, changes in concentration of nisin do not have much significant influence on WVTR. Nevertheless, the growth of L. monocytogenes on the BOPP/LDPE film was significantly reduced with the increase of the nisin concentration in the coating. Additionally, all BOPP/LDPE films exhibited satisfying mechanical properties and transparency based on investigations of mechanical properties and light transmittance spectra. It is suggested that NC/nisin coatings could impart antimicrobial functions on commercial packaging films and have potential as an alternative to existing synthetic oxygen-barrier polymers in composite structures for food packaging applications. The observed results indicate that untreated BOPP/LDPE films or NC coated BOPP/LDPE films barely show any inhibition against L. monocytogenes. In contrast, the addition of nisin cocomponents improves the antimicrobial properties of films as anticipated. Moreover, the higher the relative amount of nisin, the higher growth inhibition rate. It is well established that nisin can effectively control L. monocytogenes in foods by initiating pore formation in the cell membrane and hindering cell wall synthesis [51] . As a result, increasing the nisin concentration to 5 mg/g resulted in a significant reduction (p < 0.05) in L. monocytogenes counts in comparison to the control.
A new type of active packaging with antimicrobial and enhanced oxygen barrier properties was prepared by surface coating of NC/nisin mixture onto BOPP/LDPE film. Cold plasma treatment improved the surface hydrophilicity of BOPP/LDPE films and enhanced their affinity for the coating. Compared with uncoated BOPP/LDPE, NC coatings decrease the OTR value significantly, as low as 24.02 cc/m 2 ·day. After the addition of nisin to NC, the coating layer tends to lose its uniformity and subsequently hazarding the oxygen barrier performance of the coated films concerning SEM analysis and OTR values. In contrast, changes in concentration of nisin do not have much significant influence on WVTR. Nevertheless, the growth of L. monocytogenes on the BOPP/LDPE film was significantly reduced with the increase of the nisin concentration in the coating. Additionally, all BOPP/LDPE films exhibited satisfying mechanical properties and transparency based on investigations of mechanical properties and light transmittance spectra. It is suggested that NC/nisin coatings could impart antimicrobial functions on commercial packaging films and have potential as an alternative to existing synthetic oxygen-barrier polymers in composite structures for food packaging applications. 
